Although the oocyte is the largest cell in the body and an unavoidable phase in life, its physiology is still poorly understood, and other cell types provide little insight into its unique nature. Even basic cellular functions in the oocyte such as energy metabolism are not yet fully understood. It is known that the mitochondria of the female gamete exhibit an immature form characterized by limited energy production from glucose and oxidative phosphorylation. We show that the bovine oocyte uses alternative means to maintain ATP production during maturation, namely, the adenosine salvage pathway. Meiosis resumption is triggered by destruction of cyclic AMP by phosphodiesterases producing adenosine monophosphate that is converted into ATP by adenylate kinases and creatine kinases. Inhibition of these enzymes decreased ATP production, and addition of their substrates restored ATP production in denuded oocytes. Addition of phosphocreatine to the oocyte maturation medium influenced the phenotype of the resulting blastocysts. We propose a model in which adenylate kinases and creatine kinases act as drivers of ATP production from added AMP during oocyte maturation.
INTRODUCTION
In eukaryotic cells, metabolic energy is provided primarily through oxidative phosphorylation in organelles called mitochondria. These organelles assume a variety of forms, depending on cell type and stage of differentiation. The oocyte is a peculiar cell with peculiar forms of mitochondria. During oocyte growth, mitochondria pass from the usual form seen in other cells to a hooded form with cristae reduced in number and retracted at the periphery of the organelle and increased electron density within the matrix [1] [2] [3] [4] . Since the cristae are the principal site of oxidative phosphorylation, energy production by mitochondria in this immature form is reduced [2, 5, 6] . In cattle embryos, this phenotypic state persists up to the 8-to 16-cell stage at least [2] and up to the late morula stage in humans [5] . This phenomenon has led researchers to measure ATP production within mitochondria during oocyte maturation and early embryo development [2, [5] [6] [7] . However, their conclusions often appear contradictory. Based on the assumption that all oxygen taken up is used for mitochondrial oxidative phosphorylation, some have reported that up to 96% of ATP synthesis occurs through this process during the precompaction stages [8] . Others report that only 63% of mitochondrial respiration is coupled to ATP synthesis in the immature oocyte and that this drops to 43% during maturation [9] . It has been observed also that only 30% of the oxygen taken up by cleaved embryos is consumed in association with processes dependent on oxidative phosphorylation [6] .
In eukaryotic cells, ATP synthesis is generally presumed to be coupled almost entirely to two metabolic processes: oxidative phosphorylation in direct association with the respiratory chain of the inner mitochondrial membrane and glycolysis, a cytoplasmic pathway that yields smaller but nevertheless considerable amounts of ATP [8] . However, it is well known that both glycolysis and mitochondrial oxidative phosphorylation are very limited in oocytes and during early embryo development. This subject has been reviewed [10] . In view of the cellular processes that occur during oocyte maturation and early embryo development, for example, profound restructuring of the cytoskeleton and movement of organelles [11, 12] , one wonders how these cells meet what appears to be a high demand for energy.
To answer this question, we investigated a previously unexplored potential driver of ATP synthesis, namely, the adenosine salvage pathway. At the onset of maturation, considerable amounts of AMP become available through the degradation of cyclic AMP transferred by cumulus cells [13, 14] . Rather than eliminate this compound, the oocyte could convert it to ATP through substrate phosphorylation. Two enzymes would ensure this process. The first one, adenylate kinase, catalyzes the following reaction:
The second one, creatine kinase, converts the products of reaction (1) into ATP with the concomitant hydrolysis of phosphocreatine (PCr) to creatine (Cr):
This work was conducted to investigate the potential of the mammalian oocyte to use an alternate means to the traditional glycolysis-oxidative phosphorylation processes to support its energy production needs.
MATERIALS AND METHODS
All chemicals were purchased from Sigma Chemical Company unless otherwise indicated.
Oocyte Collection and Processing
All animals used in this study were handled according to the guidelines of the Canadian Council on Animal Care and also in accordance with the SSR's specific guidelines and standards. These were followed strictly at the local abattoir that provided the ovaries. No animals were handled on university premises.
Oocyte collection and maturation were performed as described previously [15] . Groups of 75 GV or MII oocytes were collected for polyribosomal fractionation. For assay of the ATP:ADP ratio, groups of five oocytes obtained using the same procedure were used.
Preparation of Carrier RNA and Polyribosomal Sample Preparation
Preparation of the carrier and polyribosomal sample preparation were produced as described previously [15] . Briefly, SL2 cells were used to prepare the carrier polyribosomes, which were chemically cross-linked and neutralized. Aliquots of the cross-linked Drosophila cellular extract was added and mixed to every bovine oocyte cellular extract sample. The samples were fractionated on a sucrose gradient combined to a fraction collector. RNA was detected by absorbancy at 254 nm to generate the profiles confirming the position of the polyribosomal mRNA, which includes actively transcribed RNA and noncoding RNA (associated with active polysomes as cofactors). Fractions were combined and RNA was extracted. Being cross-linked, Drosophila transcripts only marginally and equally contaminate the samples, making it the normalization reference accounting for recovery and the natural difference in polyribosomes content that can be found between GV and MII oocytes.
Microarrays Hybridization
Polyribosomal mRNA samples were amplified using a RiboAmp HS PLUS RNA amplification kit (Life Sciences) to obtain antisense RNA, of which 825 ng were labeled using an ULS Fluorescent Labeling Kit (Kreatech) and hybridized on a microarray slide. The microarray slides were Agilentmanufactured EmbryoGENE slides [15, 16] modified to include 208 probes corresponding to 13 Drosophila genes each with two different sequences repeated eight times. Hybridized slides were scanned (PowerScanner; Tecan) and analyzed using Array-pro 6.3 software (MediaCybernetics).
Microarray Normalization and Analysis
Since the usual housekeeping candidates fluctuate during oocyte maturation, they cannot be used for data normalization [17, 18] . Since the samples are the same (75 GV or MII) and the carrier mRNA escorts the bovine mRNA throughout the whole procedure and its concentration is constant in all samples regardless of the oocyte maturation stage, data were normalized using the probes targeting the Drosophila transcripts.
Intensities within each array were normalized based on a method described previously [19] using the Drosophila probes as controls. Intensities were further subjected to scale normalization using the normalize-between-arrays method in the Limma package [20] to yield the final normalized data.
To determine which transcripts were present at each maturation stage, we calculated the average intensity of each probe across all arrays representing the same condition. Background signal was estimated in a similar way, using Agilent negative control probes. To increase the stringency, we labeled a transcript as ''present'' if its average intensity was above the average intensity of negative control probes plus four standard deviations. Relative change was then calculated using the linear model provided by the lmFit and ebayes_fit methods of the Limma package. Genes were considered differentially expressed if they showed an absolute log ratio above one and had a P-value below 0.01.
Ingenuity pathway analysis (Ingenuity Systems, www.ingenuity.com) was used for data analysis. This software allows identifying of the functions and canonical pathways that are the most significant in the data set.
Quantitative RT-PCR
Validation of microarray candidates were performed as described in [15] with an aliquot of the amplified RNA sample. The acquisition temperature of each product was determined according to the single melting peak on the melting curve (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org).
Transmission Electron Microscopy and Autoradiography
Collected oocytes were placed into equilibrated maturation media under oil for maturation. All cumulus-oocyte complexes (COC) were washed twice for 15 min in PBS supplemented with 10% fetal calf serum at 48C. Oocytes were fixed in freshly prepared 3% glutaraldehyde (Electron Microscope Solutions) in 0.1 M PBS for 1 h at 48C. Prior to embedding, the oocytes were stored in 0.1 M PBS. Osmium tetroxide postfixation, uranyl acetate and Reynolds lead citrate staining, Epon embedding, sectioning, and autoradiographic exposure of the samples using L4 emulsion (Ilford Nuclear Research Emulsion) and D19 developer (Kodak) were carried out as described previously [21] . Grids were viewed with transmission electron microscopy (JEM-1200 EX; Jeol).
Ratio of ADP to ATP
The ATP content and ADP:ATP ratio in GV and MII oocytes under different culture conditions were measured using the commercial Enzylight assay kit (Bioassay Systems) based on the luciferin-luciferase reaction. Groups of five oocytes were snap frozen in no more than 10 ll of PBS using liquid nitrogen. Just after thawing, about 10 zirconia-silica beads were added and the sample and vortex mixed vigorously to cause the release of oocyte contents. The 10 ll were then transferred to a 96-well plate, and 90 ll of ATP reagent were added. Reactions were done according to manufacturer's recommendations. ATP and ADP were measured using a luminometer (BMG Labtech; FLUOstar Omega) on a seven-point standard curve.
Pharmacological Experiments
To uncouple mitochondrial respiration in intact COC or denuded oocytes (DO), 100 nM carbonyl cyanide m-chlorophenylhydrazone (CCCP) was added to the culture medium. This concentration was based on previous experiments conducted in our lab to optimize the treatment effect (Baldoceda et al., see Note Added in Proof). Sodium fluoride (NaF; 25 mM) was used to inhibit adenylate kinases without major inhibition of creatine kinase activity [22, 23] . To inhibit creatine kinase activity, iodoacetamide was used at a concentration of 2 mM [24] . All studies of ATP restoration with AMP were conducted at a concentration of 1 mM. Inhibitory treatments lasted 30 min and were ended with a wash in culture medium followed by 24 h of maturation.
Creatine Kinase Assay
Creatine kinase was assayed using the EnzyChromTM Creatine Kinase Assay Kit (BioAssay Systems), which allows colorimetric determination of creatine kinase activity at 340 nm. This kit has a detection range of 5-300 units per liter. Pools of 25 oocytes were thawed and homogenized using the zirconiasilica bead treatment and then transferred to a well in a 96-well plate, to which 100 ll of reconstituted reagent (composed of 10 ll Substrate Solution, 100 ll Assay Buffer, and 1 ll Enzyme Mix) were added. The plate was incubated for 20 min at room temperature before reading absorbance at 340 nm in the FluoStar Omega multimode microplate reader. Samples were read again after 40 min, and creatine kinase activity (in units per liter) was calculated as follows:
Impact of PCr on Blastocyst Formation, Expansion, and Hatching
Bovine ovaries were recovered at the local abattoir (INALCA Spa) from pubertal females (4-8 yr old) subjected to routine veterinary inspection and in accordance to the specific health requirements stated in Council Directive 89/ 556/ECC and subsequent modifications. Ovaries were transported to the laboratory within 2 h in sterile saline at 268C. All subsequent procedures, unless differently specified, were performed at 358C À388C and carried out as previously described [25] . Groups of 20-30 COC were in vitro matured in M-199 added with 0.68 mM L-glutamine, 25 mM NaHCO3, 0.4% BSA fatty acid free, 0.2 mM sodium pyruvate, and 0.1 IU/ml of r-hFSH (Gonal-F; Serono) either in the absence or in the presence of 1 mM of PCr for 24 h in humidified air under 5% CO 2 at 38.58C.
At the end of the IVM, in vitro fertilization (IVF) was carried out as previously described [26] . At the end of culture period (d þ 8), the blastocyst rate was assessed under a stereomicroscope, and blastocysts were morphologically classified as not expanded, expanded, and hatched [27] . Embryos were SCANTLAND ET AL.
then fixed in 60% methanol in DPBS and the cell nuclei counted under a fluorescence microscope after staining with 0.5 mg/ml of propidium iodide [26] .
Statistical Analysis
Samples were randomly distributed in control and treatment groups for all assays. Significant differences were calculated using Graphpad Prism IV software. One-way ANOVA with the Tukey multiple comparison test were conducted for all ATP and ADP:ATP ratio tests when three or more comparisons were made. When only two groups were compared, a t-test was applied to evaluate the difference between the two groups. Differences were considered statistically significant (*) at the 95 % confidence level (P , 0.05), highly significant (**) at the 99% confidence level (P , 0.01), or extremely significant (***) at the 99.9% confidence level (P , 0.001).
The data reported in this article have been deposited in GEO: GSE56603. 
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RESULTS
Polyribosomal RNA as an Indicator of Oocyte Maturation
To gain a better understanding of the physiology of bovine oocyte maturation, RNA transcript subpopulations associated with polyribosomes and thus representative of mRNA being translated were isolated and identified from GV and MII stage oocytes. The numbers of unique transcripts thus found to be in the process of translation were, respectively, 4082 and 2791 (Supplemental Figure S1 ). Comparison of their abundance at these two stages suggested major shifts in cellular function and gene pathway enrichment.
We found that protein synthesis, RNA posttranscriptional modification, posttranslational modification, and protein folding were lower in MII oocytes compared to GV oocytes, which is consistent with the idling state of the matured oocyte awaiting fertilization. We note that transcripts associated with the central energy production pathways were decreased markedly to apparent absence in MII oocytes. Transcripts associated with cell cycle functions were among the few found in increased abundance at this stage (Fig. 1) .
Among the differentially represented canonical pathways, EIF2 signaling, oxidative phosphorylation, and mitochondrial functions were elevated in GV oocytes (Fig. 1B) . In order to validate our interpretation of the transcripts survey, seven genes associated with oxidative phosphorylation and mitochondrial function were selected for quantitative analysis by RT-qPCR. ATP5A1, ATP5C1, ATP5G1, ATP6V0D1, NDU-FA8, NDUFB2, and TCIRG1 were all down-regulated during oocyte maturation (Supplemental Figure S2) . These included the five oxidative phosphorylation complexes. Log ratios and enrichment P-values for gene products associated with mitochondrial functions are shown in Supplemental Table S2 .
The differential expression was thus confirmed and indicates that oocyte maturation is indeed associated with a marked decline in translation of proteins involved in ATP production (Fig. 2) . Comparison of GV and MII oocyte 
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mitochondrial ultrastructure did not show any clear sign of morphological transformation that could be associated with this decreasing oxidative phosphorylation potential (Fig. 2, B and  C) . In both stages of oocyte maturation, mitochondria harbor immature forms, such as swollen and hooded, rather than the orthodox shape typical of mature mitochondria.
ATP Level and ADP:ATP Ratio in the Oocyte
ATP production and ADP:ATP ratio during oocyte maturation are shown in Figure 3 . General consensus proposes that cells in growth arrest show slightly elevated levels of ATP with little or no change in ADP. Quiescent cells thus accumulate ATP slowly rather than use it. In contrast, cells in apoptosis show lower ATP and increased ADP levels, indicating ATP use without de novo production. We observed a slight increase in ATP in matured oocytes (MII), while the ADP:ATP ratio was not statistically significant.
To determine the importance of mitochondrial ATP production during oocyte maturation, an inhibitor of ATP synthase and hence decoupler of the electron transport chain proton gradient from oxidative phosphorylation CCCP was added to the culture medium [28] . COC and DO were compared to determine if the ATP content of the oocyte was maintained by contribution from the surrounding somatic cells via gap junctions. ATP content was reduced sharply and ADP:ATP ratio was increased (a state resembling apoptosis) in both the COC and the DO in the presence of CCCP, suggesting strongly that oocytes obtain ATP from their own mitochondria independently of the surrounding cumulus cells.
Evaluating the Possible Presence of an Alternative Energy Production System in the Oocyte
Analysis of the polyribosomal RNA data showed that adenylate kinases (AK2, AK4, AK5, AK6, and AK7) and creatine kinases (CKB, CKMT1, and CKMT2) were being translated in GV-stage oocytes and to a lesser extent in the matured oocyte. CKB transcripts were among the most abundant in MII oocytes (data not shown). Three candidates (AK6, CKB, and CKMT1) were selected for validation by RTqPCR (Supplemental Figure S3) . The reduction of CKB and CKMT1 in MII oocytes was significant.
Since mRNA translation is not proof of enzyme activity, we sought to demonstrate the activity of adenylate and creatine kinases by measuring the impact of their inhibitors on ATP production. Intact COC and DO were matured in medium containing NaF (an inhibitor of adenylate kinase) or IAN (an inhibitor of creatine kinase). Levels of ATP were drastically reduced in both COC and DO in the presence of inhibitor (Fig.  4, A and B ). An increase in ADP:ATP ratio similar to that observed for inhibition of oxidative phosphorylation was also observed, providing evidence for the involvement of adenosine salvaging in energy production in oocytes (Fig. 4, C and D) .
Impact of Phosphocreatine During Oocyte Maturation
Further investigation of the involvement of creatine kinase during oocyte maturation revealed a very significant increase in activity (Fig. 5A ) in sharp contrast with the decreased translation of CK genes in MII oocytes compared to GV (Supplemental Figure S3) . Since creatine kinase is present and its activity even increases during oocyte maturation, we checked for a possible contribution of phosphocreatine to ATP production. The added phosphocreatine restored ATP production in DO and restored the ADP:ATP ratio to a level similar to that intact COC (Fig. 5, B and C) .
In addition to phosphocreatine, the adenosine salvage pathway in oocytes might have access also to considerable amounts of AMP via intercellular gap junctions with cumulus cells [29] [30] [31] . We found that maturation in the presence of intact COC improved ATP production in DO (Fig. 6, A and B) . Physical contact between the two appeared to be sufficient to obtain this supporting effect (Fig. 6, E and F) . By forming small indentations in the culture dish, the coculture could be conducted without actual contact between the COC and DO (Fig. 6G) . ATP levels were restored in the DO regardless, suggesting that the beneficial factor originating from the cumulus cells is labile (Fig. 6A) . To determine if the drop in ATP production observed in DO was due to the lack of AMP transfer from cumulus cells, AMP was simply added to the culture medium. The impact was such that ATP production in the DO exceeded the ATP production observed in intact COC (Fig. 6, F and G) .
Potential Long-Term Carryover of Mitochondrial Function in Oocytes
In a recent study of the impact of the oocyte source on blastocyst gene expression, we found that follicular preparation improved oocyte quality, which translated to a higher percentage of embryos reaching the blastocyst stage but also an absence of deviation in the expression of genes associated with mitochondrial function [32] . In the present study, we sought to determine if stimulating the adenosine salvage pathway during oocyte maturation would improve the yield of embryos. Adding phosphocreatine to the maturation medium of intact COC did not improve developmental competence (Fig.  7A) . However, embryo quality was improved, the proportion of hatched blastocysts on Day 8 postfertilization being greater than the proportion of expanded blastocysts (Fig. 7, B and C) and blastocyst cell number being significantly higher (Fig. 7D) . 
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This confirms that the conditions of oocyte maturation may have repercussions that are observable more than 1 wk later.
DISCUSSION
The impact of the presence of the cumulus cells of the oocyte transcripts has been described previously [33] . However, oocytes contain large quantities of dormant RNA, which make interpretation of transcript abundance difficult. Since mRNA bound physically to ribosomes is presumably being translated, the isolation of polyribosomal mRNA brings us one step closer to the proteome and promises to provide a better perspective of oocyte physiology. Over 6000 transcripts were found associated with polyribosomes in maturing bovine oocytes. This is comparable to the findings of Chen et al. [34] , who identified approximately 7600 polyribosomal transcripts in maturing mouse oocytes.
FIG. 6. ATP content (A) and ADP:
ATP ratio (B) measured in matured bovine oocytes cultured either as intact COC, DO, denuded and in direct physical contact with COC (a-co-DO), or in the presence of but physically separated from COC (s-co-DO). Error bars represent SEM. Different lowercase letters indicate statistically significant differences among groups (P ,0.05). Images of a-co-DO at the start of maturation (C), of a-co-DO after maturation (D), and of s-co-DO at the start of maturation (E). The arrow shows the indentation in the dish for isolating DO from COC. Original magnification 340 (C-E). Impact of adding AMP to the maturation medium on ATP content (F) and ADP:ATP ratio (G) measured in matured oocytes. Error bars represent SEM. Statistical significance: **P , 0.01.
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Our comparative analysis of polyribosomal RNA revealed a profile that was consistent with a major shift in energy production occurring during oocyte maturation. Translation of most of the respiratory complex subunits appeared to decrease concomitantly with an increase in translation of genes associated with diminished mitochondrial function, leading to inhibition of oxidative phosphorylation. It is well established that maturing oocytes and early embryos also have a decreased capacity for glucose uptake [35] and that they have very low level of phosphofructokinase, an important enzyme involved in glucose catabolism [36] . Oocytes must therefore rely on cumulus cells to transfer glycolytic products such as pyruvate (a subject reviewed previously [10] ) and thus do not benefit from ATP generation resulting from the early reactions in glycolysis. This reduction in the efficiency of energy production by both of the main pathways coincides with the presence of the immature phenotype of mitochondria acquired during oocyte growth and maturation. Although the reduction in ATP synthesis is major, the limited production remains an important source of energy for the oocyte [6] [7] [8] . One hypothesis is that the decreased oxidative phosphorylation capacity is offset by the enormous number of mitochondria present in the oocyte, which is estimated at 300 000-400 000 as measured by transmission electron microscopy [37] .
Increases in ATP content in spite of a less efficient respiratory apparatus have been observed previously. The ATP content of cardiomyocytes increases in response to hypoxia regardless of the shift from oxidative phosphorylation to anaerobic catabolism [38] . This is characteristic of cellular growth arrest and is consistent with the mature oocyte reaching a static state while awaiting fertilization. In somatic cells, this increased ATP content results from decreased energy consumption due to reduced contractility or repression of translation, which is the most energy-costly intracellular process [39] . Our observations of major reductions in mRNA translation in maturing oocytes based on transcriptome and proteome analysis as well as observations by other groups corroborate this [40, 41] .
The drop in ATP content in the presence of inhibitors of mitochondrial respiration is confirmation of the major contribution of oxidative phosphorylation to metabolic energy in maturing oocytes despite the immature nature of the mitochondria at this stage. However, the levels of ATP measured under these conditions should not be attributed to production by oxidative phosphorylation since it is known that one of the first responses of cells in such a state is to reduce ATP consumption in an attempt to survive [38] . If the conditions persist (for over 24 h in the present study), cell death will ensue, and a major decrease in ATP level will be observed [42] . Our understanding of cellular energy production comes mostly from the study of somatic cells, which do not have to meet the huge energy demand of cytoplasmic reorganization using only immature mitochondria. Before reaching the static MII state, successful resumption of meiosis involves a profound cytoskeleton remodeling that includes movement of organelles throughout the cytoplasm, which has reached its largest volume at this point [43] . The net energy expenditure of oocyte maturation is thus the result of a decrease due to down-regulated translation and an increase for cytoplasmic reorganization.
We therefore posit that the oocyte uses alternative mechanisms to meet its ATP requirements, the adenosine salvage pathway being one of these. The conversion of intracellular AMP and ADP into ATP requires two reactions, the first being phosphorylation of AMP to ADP by adenylate kinase and phosphorylation of ADP to ATP, usually by pyruvate kinase [44] . However, pyruvate kinases are glycolytic enzymes that produce ATP by transforming phosphoenolpyruvate into pyruvate, an activity essentially absent in the oocyte [45] . Another way of converting ADP to ATP would be to use phosphocreatine as a phosphate donor. In fact, the role of creatine kinase in meeting local demand for ATP in muscle and brain is well established [24, 46, 47] .
Based on analysis of polyribosomal RNA, both adenylate kinase and creatine kinase gene transcripts are translated during oocyte maturation. This finding corroborates analyses of early embryos for creatine kinases B, M and MT1 [48] . In both oocytes and early embryos, the B isoform is strongly expressed, while M is not detected. The MT1 isoform is abundant in GV oocytes but decreases sharply in MII oocytes and is completely absent in zygotes and two-cell embryos, only to be synthesized again beginning at the four-cell stage and thereafter [48] . The most important creatine kinase during oocyte maturation and early embryo development therefore appears to be the B isoform. A major increase in creatine kinase activity during oocyte maturation confirms this.
A major source of AMP is the hydrolysis of cyclic AMP by phosphodiesterase [13, 29, 49] reviewed in [14] . It is well established that much of the cyclic AMP in cumulus cells is transferred to the oocyte through gap junctions and that meiotic arrest relies on this high level of cytoplasmic cyclic AMP [30, 31, 50, 51] . The degradation of cyclic AMP triggers the resumption of meiosis [50, 52] . The phosphate required to convert ADP to ATP is probably endogenous phosphocreatine also provided by cumulus cells, although this has not yet been proven.
The drop in response to inhibition of adenylate kinase and creatine kinase demonstrates the likely contribution of these enzymes to the oocyte ATP pool. Increasing ATP by adding their substrates further supports their involvement. Since providing AMP alone completely restored ATP production in DO, it appears that both ADP and phosphocreatine are readily available. Phosphocreatine alone also restored ATP level substantially.
Our culture medium experiments indicate clearly that the presence of intact cumulus cells can maintain ATP levels in DO, that is, stop the depletion of ATP. Furthermore, since this occurs even when the cumulus cells are not in direct physical contact with the oocytes, it appears likely that the ATP maintenance factors are labile and can be secreted into the culture medium. This could explain in part the increased rate of successful development noted when oocytes and embryos are cultured in groups.
Although addition of phosphocreatine to the maturation medium did not increase blastocyst yield, stimulating ATP production imparted long-term effects since it affected the phenotype of the resulting blastocyst cohorts. It has been established that oocyte quality has a greater impact on developmental competence of the embryo than do IVF and embryo culture conditions [53] [54] [55] . We have observed previously not only that obtaining immature oocytes by transvaginal pickup following a stimulation regimen can improve developmental competence significantly but also that blastocysts obtained therefrom do not exhibit certain deviations in the expression of genes associated with mitochondrial functions as observed among blastocysts obtained from oocytes collected from slaughterhouse ovaries [32] . This corroborates the long-term impact of interventions conducted during oocyte maturation. Likewise, creatine kinase B activity in cumulus cells has been associated with embryo quality, providing additional evidence that the conditions under which an oocyte matures can influence phenotypic expression several days later [56] , as our results corroborate.
Our results show for the first time that the adenosine salvage pathway is active during oocyte maturation. This alternative source of ATP relies on large quantities of AMP that are generated by phosphodiesterases following resumption of meiosis and on phosphocreatine, the substrate of creatine kinase. Adenylate and creatine kinases thus allow the production of ATP, and adding AMP and phosphocreatine can compensate for the complete removal of supporting cumulus cells. These results represent a substantial advancement in our understanding of oocyte physiology.
NOTE ADDED IN PROOF
During the production of this paper, we published further results [57] .
